Natural killer (NK) cells are classified as innate immune cells, given their ability to rapidly respond and kill transformed or virally infected cells without prior sensitization. Recently, accumulating evidence suggests that NK cells also exhibit many characteristics similar to cells of the adaptive immune system. Analogous to T cells, NK cells acquire self-tolerance during development, express antigen-specific receptors, undergo clonal-like expansion, and can become long-lived, self-renewing memory cells with potent effector function providing potent protection against reappearing pathogens. In this review, we discuss the requirements for memory NK cell generation and highlight the similarities with the formation of memory T cells.
Introduction
In recent years, the classic hallmarks that distinguish the immune system into two arms, innate and adaptive, have been challenged. Natural killer (NK) cells have traditionally been classified as innate immune cells because of their ability to respond rapidly without prior sensitization and their inability to undergo somatic gene recombination processes that create diversity in T and B cell antigen receptors [1] . However, in recent days, NK cells have become appreciated to possess several features of adaptive immunity. Previous studies had shown that NK cells, like T and B cells of the adaptive immune system, originate from a common lymphoid progenitor in the bone marrow [2] and require common γ-chaindependent cytokines for development, homeostasis, and survival [3] . More recent studies have demonstrated that expression of the recombination-activating genes (RAGs) is required for robust NK cell ontogeny, function, and fitness, although individual NK cells lack a unique antigen recognition receptor generated through RAG-mediated receptor gene rearrangement like with B and T cells [4] . Moreover, NK cells undergo processes during their development that result in selftolerance and in some respects are analogous to T cell development in the thymus [5] [6] [7] . Interestingly, similar to antigenspecific T and B cell receptors, NK cells express germlineencoded activating receptors, which recognize specific antigens of virally infected or transformed cells [8, 9] . In addition, these activating NK cell receptors share many components of the signaling machinery and transcription factors downstream of T cell and B cell receptors [10] . Most notably, over the last decade, several studies have demonstrated that NK cells can undergo clonal-like expansion followed by longevity, self-renewal, and recall responses, all characteristics originally associated with immunological memory in adaptive lymphocytes [9, [11] [12] [13] .
Immunological memory is defined as a process by which the formation of specialized long-lived cell subsets allows the host to mount a quantitatively or qualitatively greater immune response when re-exposed to a given pathogen. T cells are the best-characterized example of a cell type that undergoes memory formation, and their response can be defined by three distinct phases: clonal expansion, contraction, and long-lived memory [14] . Naïve T cells encountering a cognate MHCMoritz Rapp and Gabriela M. Wiedemann contributed equally to this work.
This article is a contribution to the special issue on Innate Lymphoid Cells in Inflammation and Immunity -Guest Editors: Jan-Eric Turner and Georg Gasteiger bound antigen through their TCR induce the clonal expansion and differentiation into effector cells. This robust proliferation is followed by the apoptosis of most of the effector population resulting in a rapid contraction of the expanded T cells. The remaining T cells can form a pool of long-lived memory cells, which upon re-encounter with their cognate antigen, induce enhanced effector function resulting in greater protection of the host. Memory T cell longevity is maintained through selfrenewal, and memory cells persist in lymphoid and nonlymphoid organs [15] . This review will discuss the key findings in support of memory NK cell generation and maintenance, and will highlight the parallels with memory T cells.
NK cell memory
Antigen-induced NK cell memory
Hapten-specific memory NK cells
Although classified as innate immune cells, both murine and human NK cells can become long-lived memory cells. To our knowledge, the first evidence of antigen-driven NK cell memory comes from studies performed using models of hapteninduced contact hypersensitivity (CHS), thought to only evoke adaptive immune responses [16, 17] . RAG2-deficient mice, which lack B and T cells, were sensitized with 2,4-dinitro-1-fluorobenzene (DNFB), and 4 weeks later, NK cells could mount a memory response upon re-challenge with DNFB, resulting in CHS. Importantly, no CHS was induced by heterologous haptens (e.g., oxazolone) to which mice were not previously sensitized [16] . More recently, it was demonstrated that monobenzone, a pro-hapten metabolized by melanocytes, induces a CHS response driven by memory NK cells with a specific cytotoxic activity against melanocytes and melanoma cells highlighting the potential of memory NK cells as an effective tool in cell-based cancer immunotherapy [18] . In immunodeficient Rag2
−/−

Il2rg
−/− mice lacking T, B, and NK cells, no hapten-induced CHS was observed. However, CHS could be acquired in Rag2
Il2rg −/− mice by adoptively transferring NK cells from hapten-sensitized immunocompetent donors. These transfer experiments, together with NK cell depletion studies, suggest that NK cells are both essential and sufficient for hapten-specific secondary immune responses (Fig. 1a) . Although the hapten-specific antigen receptors are unknown and the specific mechanisms behind NK cellmediated CHS remain elusive, blocking of NKG2D, a wellcharacterized activation receptor, in hapten-sensitized Rag2 −/− mice partially suppressed CHS recall responses, indicating a contribution of this receptor in hapten-induced NK cell activation. However, NKG2D is expressed on essentially all NK cells and only a small subset of NK cells is presumed to be haptenspecific, suggesting that NKG2D is not a hapten-specific antigen receptor, but likely serves as an activating co-receptor that may be detecting CHS-induced stress ligands [16] . Hapten challenge-induced CHS was also abrogated in mice treated with blocking antibodies specific for P-and E-selectin or CD18, presumably by inhibition of memory NK cell migration to the site of challenge. In addition, it was found that CXCR6-expressing CD49a +
CD49b
− liver-resident NK cells, a subset of NK cells similar or equivalent to the recently described small intestine group I innate lymphoid cells (ILC1) [11] , mediate hapten-specific CHS responses upon hapten challenge [17, 19] . Further studies showed that the function and maintenance of these hapten-specific hepatic memory NK cells depend on proinflammatory cytokines (IL-12, type I and II interferons) and the transcription factor aryl hydrocarbon receptor (AHR) [20, 21] . Future studies will increase our understanding of the generation and maintenance of hapten-specific memory NK cells. It will be of great interest, for example, to identify the hapten-specific antigen receptors mediating CHS, and to determine why hapten-specific memory NK cells preferentially reside in the liver.
MCMV-specific memory NK cells
Shortly after the initial identification of memory NK cells in experimental models of hapten-induced contact hypersensitivity, NK cell memory was demonstrated during viral infection. In MCMV-infected mice, NK cell responses result in the activation, proliferation, and memory formation of a subset of NK cells that express the germline-encoded activation receptor Ly49H [8, 9, 22] , which uniquely recognizes the MCMVencoded glycoprotein m157 expressed by infected cells (Fig.  1b ) [22] [23] [24] [25] . Ligation of Ly49H with m157 leads to a signal cascade mediated by the association of the Ly49H intracellular domain with the ITAM-containing adapter molecules DAP10 and DAP12 to induce activation [26, 27] . To drive optimal antigen-specific NK cell proliferation in response to viral infection, the interplay of different cytokine signaling modules is also required. In particular, proinflammatory cytokines have been demonstrated to mediate multiple cellular programs in antiviral NK cells. Following MCMV infection, IL-18 and IL-33 are essential for MyD88-driven NK cell expansion [28, 29] , and IL-12 through STAT4 induces the expression of the BTB-ZF transcription factor Zbtb32, antagonizing the anti-proliferative factor Blimp-1 in NK cells [30] . IL-12 and IL-18 also upregulate the expression of microRNA-155, which promotes NK cell survival and proliferation by inhibiting Noxa and Socs1 expression [31] . More recently, it was demonstrated that IL-12 induces STAT4-mediated epigenetic control of the transcription factors Runx1 and Runx3, which are essential for clonal expansion and memory formation suggesting yet another mechanism in the multi-faceted role of IL-12 [32] .
Furthermore, a recent study demonstrated that type I IFNs and downstream STAT1 signaling are crucial for protecting activated NK cells from being killed by neighboring NK cells during the expansion phase following MCMV infection (i.e., fratricide) [33] . In addition, proinflammatory cytokines produced by MCMV-infected dendritic cells such as IL-12 enable NK cells to induce granzyme-and perforin-dependent cytotoxicity, and produce proinflammatory cytokines such as IFN-γ [34, 35] . Over the course of 6-7 days after viral antigen encounter, proinflammatory cytokines along with activating receptors induce a 3-to 10-fold expansion in absolute numbers of splenic and hepatic Ly49H + NK cells in C57BL/6 mice Fig. 1 Antigen-specific and antigen-nonspecific mechanisms underlying NK cell memory formation. a Hapten-induced contact hypersensitivity i n i t i a t e s t h e f o r m a t i o n o f l o n g -l i v e d , h a p t e n -s p e c i f i c CXCR6 + NKG2D + CD49a + CD49b − liver-resident memory NK cells. Function and maintenance of hapten-specific memory NK cells depend on the expression of the proinflammatory cytokines IL-12, type I and II IFNs, and the transcription factor aryl hydrocarbon receptor (AHR). Hapten challenge induces CHS, which requires NKG2D, CXCR6, CD18, AHR, and L-,P-, and E-selectin and results in increased degranulation of hapten-sensitized NK cells. b Ligation of the NK cell activation receptor Ly49H with the MCMV-encoded glycoprotein m157 expressed on infected dendritic cells results in the activation of KLRG1 lo DNAM1 + Ly49H + NK cells followed by a clonal-like expansion, contraction, and memory formation. Proliferation and memory generation require the expression of different cytokines and transcription factors, including IL-12, IL-18, IL-33, type I IFNs, Zbtb32, STAT1, STAT4, miR-155, Runx1, and Runx3. MCMV-specific memory NK cells express high levels of the cell surface marker Ly49H, KLRG1, CD43, CD11b, and Ly6C, and lack CD27 expression. Upon MCMV challenge, virus-specific memory NK cells proliferate rapidly and produce high levels of granzymes, perforin, and IFN-γ. c NK cells stimulated with a combination of IL-12, IL-15, and IL-18 differentiate into cells with antigen-independent, memory-like properties. Cytokineactivated memory-like NK cells are long-lived, express the cell surface receptor CD25, require IL-2 and IL-15 for survival, and secrete IFN-γ upon cytokine restimulation, demonstrating a long-lasting antigenindependent memory of prior activation [8, 9] . In Ly49H-deficient mice, adoptively transferred Ly49H + NK cells can proliferate up to 100-fold in the spleen and 1000-fold in the liver during MCMV infection, demonstrating a prolific capability nearly as high as the proliferation of antigen-specific T cells induced by various pathogens [9, 14] .
The clonal-like expansion is followed by a contraction phase that is regulated by the pro-apoptotic factor Bim, which induces apoptosis in the majority of effector NK cells 1-2 weeks after MCMV infection [36] . However, some effector NK cells protected by autophagy-related gene 3 (Atg3)-mediated autophagic removal of damaged mitochondria, which accumulate in proliferating NK cells [37, 38] , survive the contraction phase and form a long-lived, self-renewing pool of memory cells in lymphoid and non-lymphoid tissues such as the liver, spleen, lung, and kidney [9, 39] . In mice infected with an MCMV strain lacking m157 expression, the frequency of MCMV-specific memory NK cells is highly reduced, whereas in mice infected with an m157-expressing vesicular stomatitis virus (VSV), memory cell formation is enhanced compared to mice infected with VSV expressing a control antigen, illustrating the antigen specificity of Ly49H + NK cells for their cognate viral ligand [9, 28, 40] . In addition, memory Ly49H + NK cells can be characterized by an altered expression of several cell surface antigens. The expression of Ly49H, killer cell lectin-like receptor G1 (KLRG1), CD43, CD11b, and Ly6C is increased and the expression of CD27 is decreased on Ly49H + memory NK cells, indicating that memory NK cells have a mature and differentiated phenotype compared with naïve NK cells [9] , although it is currently difficult to distinguish memory from effector NK cells, as activated NK cells express a similar surface receptor profile [12] .
A recent study found that memory NK cells arise from a small subset of naïve Ly49H + NK cells with low KLRG1 expression [41] . In contrast, NK cells expressing high levels of KLRG1 have a limited capacity to proliferate and form memory cells in response to MCMV infection. Interestingly, heterogeneity within memory NK cell progenitor populations was found to be influenced by the host microbiota and by an intact T cell compartment [41] . In RAG-deficient mice, the excessive bioavailability of IL-15, due to a lack of competition by IL-15-consuming T cells, increases KLRG1 expression on naïve NK cells and drives terminal differentiation of NK cells, resulting in a reduced frequency of Ly49H
low memory NK cell progenitors. In addition to environmental impact of RAG deficiency, cell-intrinsic factors were also shown to be crucial for memory NK cell formation. Using RAG fatemapping and RAG-deficient mice, it was demonstrated that NK cells with a history of RAG expression form a pool of Ly49H + KLRG1 low memory NK cell progenitors that can become long-lived memory NK cells following antigenspecific proliferation [4] .
Upon MCMV re-encounter, memory NK cells undergo a secondary expansion. Although comparable expansion kinetics between memory and naïve Ly49H + NK cells were observed, memory NK cells were shown to be significantly more protective to the host than naïve NK cells on a per cell basis during MCMV challenge [9] . Importantly, MCMVexperienced memory NK cells demonstrated heightened IFN-γ production and degranulation compared to naïve NK cells [9] . These data are consistent with a similar observation that was made for naïve versus memory CD8 + T cell expansion, indicating that a higher functional capacity and not necessarily enhanced proliferation rate of memory cells is most essential for protective recall responses [42] [43] [44] [45] [46] .
HCMV-specific memory NK cells
Analogous to NK cell proliferation in MCMV-infected mice, a robust NK cell expansion has been observed in humans following human cytomegalovirus (HCMV) infection. Several studies have demonstrated that the frequency of NK cells expressing CD94/NKG2C, a heterodimeric activating receptor, is highly increased in HCMV-seropositive humans compared with HCMV-seronegative individuals [47] [48] [49] . In HCMVseronegative donors typically less than 1% of all blood NK cells are NKG2C positive, whereas in seropositive donors a large spectrum is observed, but as much as 60% of the NK cell population in the peripheral blood can express NKG2C. These HCMV-induced memory-like NKG2C + NK cells typically coexpress the maturation marker CD57 and lack the inhibitory receptor NKG2A [49] [50] [51] [52] . In immunosuppressed patients receiving solid organ transplants or hematopoietic stem cell transplantation, an expansion of NKG2C + NK cells was observed following HCMV reactivation or acute infection [49, [53] [54] [55] .
During acute HCMV infection, IFN-γ production and degranulation of NKG2C + NK cells is enhanced in response to HCMV-infected cells compared to NKG2C
− NK cells from the same donor, suggesting an antigen specificity of NKG2C + NK cells for HCMV-derived or induced ligands [54, 56] . After the virus has been controlled, elevated frequencies of NKG2C + NK cells can persist for months to years in these patients, suggesting the generation of a long-lived memory NK cell pool in humans [49, 54, 57, 58] . Further studies showed that in HCMV-infected recipients, NKG2C + NK cells from HCMV-seropositive donor grafts produce significantly more target cell-induced IFN-γ than NKG2C + NK cells from HCMV-seronegative donor grafts [50] . Together, these studies demonstrate that HCMV infection induces the generation of a long-lived memory NK cell pool that is transplantable. Although in vitro studies have shown that HLA-E expression on HCMV-infected cells is essential for virus-induced NKG2C + NK cell expansion [59] , future studies are necessary to determine the precise nature of the HCMV-derived or induced antigen driving proliferation and memory formation of NKG2C + NK cells in vivo.
Cytokine-induced NK cell memory
Besides being essential for the clonal expansion and maintenance of antigen-specific memory NK cells, proinflammatory cytokines alone have been proposed to generate NK cells with memory-like properties in the absence of antigen receptor triggering (Fig. 1c) . Splenic mouse NK cells stimulated in vitro with a combination of IL-12 and IL-18 plus lowdose IL-15 and adoptively transferred into Rag1 −/− recipient mice secrete more IFN-γ upon cytokine restimulation (IL-12 plus IL-15) or activating receptor ligation (Ly49H and NK1.1) compared with adoptively transferred control NK cells [60] . Enhanced IFN-γ secretion was observed up to 3 weeks after adoptive transfer, suggesting NK cells can acquire a longlasting antigen-independent memory of prior activation [60, 61] . In addition, cytokine-activated NK cells expressed high levels of IL-2Rα (CD25) and require IL-2 produced by CD4 + T cells to proliferate in vivo [62] . In contrast to the increased IFN-γ secretion, granzyme B expression and cytotoxicity of cytokine-induced memory-like NK cells was comparable with control NK cells [60] . Consistent with the results obtained in mice, IL-12/15/18-preactivated human NK cells expressed CD25, proliferated rapidly in vitro, and produced high levels of IFN-γ upon restimulation, suggesting a conserved program for sustained memory-like effector functions between mouse and human NK cells [62] . Furthermore, enhanced NKG2D-and DNAM-1-dependent in vitro cytotoxicity was observed against leukemia target cells, compared with control NK cells from the same donor. Although cytokine-experienced human NK cells adoptively transferred into NSG mice were found in similar numbers in hematopoietic tissues compared to control NK cells, cytokine-activated memory-like NK cells produced more IFN-γ in response to ex vivo restimulation, and were more effective in tumor growth inhibition [63] . Together, these results demonstrate a potent anti-leukemia function of memory-like human NK cells. Using a xenograft melanoma mouse model, the antitumor activity of memory-like NK cells was confirmed. In these adoptive transfer studies, IL-12/15/ 18-preactivated human NK cells rejected tumors more efficiently than NK cells stimulated with IL-15 alone [64] . Although these studies demonstrate the existence of NK cells with antigen-independent memory-like functionality in vitro and the potential use of these cells in the treatment of cancer, future studies are needed to further understand the generation and function of endogenous memory NK cells that were induced by inflammatory cytokines alone.
Using a mouse model with an inducible reporter system to track the fate of NK cells after MCMV infection, it was shown that during viral infection, both antigen-specific and cytokineactivated memory NK cells are generated [65] . Further it was demonstrated that MCMV-specific NK cells possess enhanced effector function, whereas cytokine-activated NK cells survive longer in an MCMV-free environment. This study illustrates that a single infection can induce different subsets of memory NK cells, both antigen-dependent and antigen-independent, a phenomenon that may represent an important strategy to facilitate host protection against homologous and heterologous infections [66] . Lastly, adoptive transfer of NK cells into lymphopenic mice (Rag2
) lacking T, B, and NK cells, results in a rapid, IL-15-dependent, antigenindependent homeostatic expansion, followed by a contraction phase and the formation of a pool of long-lived NK cells [67] [68] [69] [70] . Interestingly, NK cells undergoing homeostatic proliferation share several characteristics with MCMV-specific memory NK cells, including the ability for self-renewal and enhanced effector function [70] . The survival of these longlived NK cells depended on Atg3-and Atg5-mediated autophagy, suggesting that this represents an essential mechanism for NK cell survival and acquisition of memory-like properties following homeostatic proliferation [71] . Future studies are needed to determine additional molecular mechanisms involved in the generation of these long-lived NK cells in lymphopenic mice, and to further investigate the memory-like functions of these cells in disease settings.
Parallels between NK cell and T cell memory
Immunological memory has long been considered a hallmark of adaptive immunity. Yet, in the past years, the emerging evidence of NK cell memory has blurred the line segregating innate from adaptive immunity [72] . Surprisingly, the more insights we gain into the mechanisms of NK cell development, activation, and memory formation, the more we uncover clear similarities between T cells and NK cells.
Development
Among the differences between T cells and NK cells is the dependence of T cells on RAG enzymes for V(D)J recombination of antigen receptor genes, thus enabling the abundant diversity of T cell receptors. RAG-mediated generation of receptor diversity has long been considered to be the prerequisite for antigen-specific primary immunological responses, as well as memory formation and recall responses. RAGdeficient mice have no functional B or T cells, yet they have normal numbers of NK cells [4, 73] . Interestingly, a sizable percentage of NK cells express RAG proteins during ontogeny, raising the question of whether a functional role exists for RAG enzymes in NK cell development [4, 73] . Furthermore, it was recently shown that both RAG1 and RAG2 bind at thousands of sites throughout the genome and outside of the antigen receptor loci [74] . In another recent study, RAG (via the DNA damage/repair pathway) was shown to commonly mediate cellular fitness and longevity of NK cells and T cells, revealed during clonal expansion [4] .
Both NK cells and T cells derive from a common lymphoid progenitor (CLP). T cell development critically takes place in the thymus, where T cells undergo positive and negative selection. By contrast, NK cell development is thymus-independent, as athymic nude mice display normal numbers of NK cells [75] . Instead, bone marrow defects resulting in reduced NK cell activity and responsiveness suggested that the bone marrow is the primary site of NK cell development [76] . Despite these differences, NK cells and T cells share many features of development, including dependency on similar cytokines, shared transcription factors, and analogous education processes [72] .
Thymocytes are educated and selected through their interaction with MHC class I and II, where self-reactive T cells undergo apoptosis and are eliminated [77] . Similarly, developing NK cells are dependent on MHC class I interactions for functional maturation (i.e., "licensing" or education) [6] . NK cells are endowed with a large repertoire of germline-encoded inhibitory receptors specific for MHC class I, the most prominent of which are Ly49 receptors in mice and KIR (killer cell immunoglobulin-like receptors) in humans. Binding of these receptors to self-MHC class I during development is a crucial step towards acquisition of functional competence, and NK cells that either do not possess inhibitory MHC class I receptors or do not encounter cognate MHC class I ligands during maturation (i.e., "unlicensed" NK cells) remain hyporesponsive [78] [79] [80] . Another shared feature of NK cells and T cells is their dependency on cytokines of the common gamma chain family (e.g., IL-2, IL-7, and IL-15) during maturation, homeostasis, and activation, although the precise role of these cytokines may differ between different T cell and NK cell subsets in vivo [81] .
Three signals of activation
Immunological memory is defined by a more rapid and robust secondary immune response to a previously encountered stimulus. In T cells, memory formation begins with the primary recognition of an antigen, which, under the right conditions, results in clonal expansion of an antigen-specific T cell. This process is eventually followed by a contraction phase in which most of the T cell clones undergo apoptosis and results in the survival of a small number of long-lived memory T cells [14, 82, 83] . Many of these steps show a distinct similarity to NK cell memory formation during viral infection.
The first step towards clonal expansion is lymphocyte activation, and classic T cell activation requires three signals. Signal 1 is the ligation of the T cell receptor (TCR) to cognate antigen presented on MHC, signal 2 involves the binding of co-stimulatory receptors such as CD28 to their B7 ligands on antigen-presenting cells (APC), and signal 3 is mediated by proinflammatory cytokines [84] [85] [86] . Similarly, NK cells also require three signals for efficient primary activation for clonal expansion and memory formation. As with signal 1 in T cells, the binding of an activating NK cell receptor to its cognate ligand is an absolute requirement for the robust formation of immunological memory following viral infection. To date, relatively little is known about the ligands for most activating NK cell receptors in mouse and human. Arguably the bestcharacterized receptor-ligand encounter occurs during MCMV infection, where ligation of the NK cell receptor Ly49H to the viral glycoprotein m157 leads to NK cell activation crucial to NK cell clonal expansion and memory generation. MCMV strains that are engineered to be m157-deficient do not induce clonal expansion or memory, whereas recombinant vesicular stomatitis virus (VSV) or vaccinia virus (VacV) expressing m157 potently induce NK cell memory formation [40] . Notably, Ly49H receptor signaling through the ITAM-containing adaptor protein DAP12 is closely related to signaling downstream of the TCR [87] . In humans, the interaction of CD94/NKG2C with HLA-E is involved in adaptive NK cell responses during HCMV infection, yet the exact nature of this interaction is not well defined, as CD94/NKG2C-independent HCMV memory has also been suggested [57, 59] . With the recent discovery of a novel viral ligand for mouse NK1.1 [88] , it will be of great interest to investigate whether this receptor-ligand interaction can drive clonal expansion of NK cells and produce NK cell memory in analogous manner to the Ly49H-m157 interaction. Additional NK cell receptors and their cognate ligands, which may be involved in the recognition of other viral and bacterial infections, remain to be elucidated.
Comparable to T cells, NK cells need a co-stimulatory signal 2 in order to expand after viral infection. During MCMV infection, activation of the co-stimulatory molecule DNAXaccessory molecule 1 (DNAM-1) through binding of its ligands CD155 and CD112, was crucial for NK cell expansion and memory formation. NK cells deficient in DNAM-1 or its downstream signaling kinases Fyn and PKCη showed impaired expansion and differentiation into long-lived memory cells during MCMV infection [89] . In human NK cell responses to HCMV infection, co-stimulatory signals might be provided by the interaction of CD2 with its ligand CD58, although a detailed role in NK cell expansion and memory formation has yet to be described [90, 91] . In addition, although NK cells express CD28, and also CTLA-4 upon activation, it is still unclear whether this co-stimulatory receptor serves as signal 2 in vivo, as it does for T cell activation and clonal expansion.
Beyond antigen receptor ligation and co-stimulation, in certain settings T cells require a signal 3, namely the presence of proinflammatory cytokines such as IL-12 or type I IFNs, for full activation, expansion, and memory formation [84, 86] .
Several studies have found that NK cells require proinflammatory cytokine signals for their activation, function, and adaptive responses. IL-12 and downstream STAT4 signaling are critical, as defective memory generation was observed in IL-12 receptor-deficient and STAT4-deficient mice infected with MCMV [34] . Furthermore, IL-18, IL-33, and the adapter molecule MyD88 are required for optimal expansion of NK cells in viral infections, yet they are dispensable for the recall response [28, 29] . IFN-α and STAT1 have been shown to be crucial for NK cell expansion upon MCMV infection due to prevention of fratricide [33] , and IL-12 and type I IFNs both drive the expression of transcription factor Zbtb32, which promotes NK cell expansion by suppression of Blimp-1, an anti-proliferative transcription factor and key transcriptional regulator of T cell proliferation and differentiation [30, 92] . Thus, Zbtb32 in NK cells may be analogous to Bcl6 in T cells, as both BTB-ZF transcription factor family members target Blimp-1 activity [92] . Moreover, Runx1 and Runx3, two central transcription factors in T cell development and function, have very recently been shown to be downstream targets of STAT4 in NK cells, critically promoting expansion and survival during MCMV infection [32, 93, 94] . Taken together, these findings highlight the similarities between NK cells and T cells during primary activation (Fig. 2 ).
Contraction and memory formation
As described above, clonal expansion is followed by a contraction phase that generates both NK and T cell memory. The kinetics of these phases after initial pathogen challenge are strikingly comparable in T cell and NK cell responses, with maximum effector cell frequencies occurring 7-10 days after antigen encounter [36, 95] . The subsequent contraction phase is critical to memory cell numbers for both T cells and NK cells, as it determines how many effector cells avoid death to become long-lived. The contraction phase for both T and NK cell responses is typically characterized by the apoptosis of greater than 90% of the effector pool. In T cells, apoptosis is mediated by interactions of pro-apoptotic Bim with prosurvival Bcl2 [96, 97] . Similarly, Bcl2 downregulation and Bim-mediated apoptosis are critical to the contraction phase of the NK cell response, as shown by an impaired contraction and insufficient protection to secondary viral challenge in Bcl2l11 −/− mice [30, 36] . Moreover, IL-15 has been described to play a role in the survival of activated T cells during the contraction phase by upregulation of Bcl2 [98] [99] [100] . In NK cells, IL-15 limits expression of Bim and drives the expression of Mcl-1, which is critical to the survival of memory NK cells [40, 101] . Another shared mechanism enabling selective survival during the contraction phase in T cells and NK cells is autophagy, a process by which defective cellular components (e.g., misfolded proteins) and damaged organelles (e.g., mitochondria) are removed from the cell. Atg5-or Atg7-deficient mice lacking essential components of the autophagy machinery showed impaired memory T cell differentiation due to reduced T cell survival during the contraction phase, whereas the primary immune response is unaffected [102] . Similarly, Atg3-mediated autophagy of mitochondria (i.e., mitophagy) was critical for the survival of memory NK cells during the contraction phase following MCMV infection, whereas the initial expansion was not affected by NK cellspecific deletion of Atg3 [38] . This process of mitophagy in NK cells was shown to be controlled by two mitochondriaassociated proteins BNIP3 and BNIP3L and ultimately led to the formation of a stable memory NK cell pool after infection, as removal of damaged mitochondria and reactive oxygen species promoted NK cell survival [38] . These studies highlight yet another conserved pathway for the generation of memory in both innate and adaptive lymphocytes.
During viral infection, two subsets of effector CD8 + T cells have been described to develop: terminally differentiated KLRG1 hi short-lived effector cells (SLECs) that are thought to die after infection, and KLRG1 lo memory precursor effector cells (MPECs) that are long-lived and participate in secondary responses [103] . Analogous to CD8 + T cells, recent evidence supports the idea of heterogeneity within antiviral NK cell populations that can dictate memory potential. KLRG1 lo
Ly49H
+ NK cells preferentially generate memory NK cells compared to KLRG1 hi cells, which have a limited capacity for MCMV-driven expansion. However, because memory NK cells express high levels of the terminal differentiation marker KLRG1 and yet can be robustly recalled, it is likely that KLRG1 may serve a different function in NK cells than it does in T cells.
Phenotype and location of memory T and NK cells
Memory T cells have been divided into central memory T cells (Tcm) and effector memory T cells (Tem) in the literature. Tcm home to lymphoid organs, whereas Tem circulate in the periphery. Upon antigen re-encounter, Tcm show greater expansion, whereas Tem only poorly expand but have rapid and robust effector potential [104, 105] . Functionally, memory NK cells after viral infection appear to resemble Tem more than Tcm, as they circulate throughout the host and respond to secondary challenge with robust production of IFN-γ [9] . By contrast, hapten-specific memory NK cells home to the liver in a CXCR6-dependent manner and respond to challenge with an increase in cytotoxicity [17] , although some have speculated that these hapten-specific cells may actually be ILC1 rather than conventional NK cells [11, 106] .
Phenotypically, memory NK cells share features with Tem. Tem are characterized by surface expression of CD44, CD27, CD127, KLRG1, and Ly6C and low expression of CCR7 and CD62L, whereas Tcm show high expression of CD44, CD27, CD127, CD62L, and CCR7 and low expression of KLRG1 [107] . Memory NK cells display a mature phenotype, with high expression of KLRG1, CD11b, CD43, and Ly6C and low expression of CD27 and CD62L [9] . Because a subset of effector T cells can become tissue resident during the memory phase (Trm), future studies are required to determine whether a subset within the memory Ly49H + NK cell pool following MCMV infection can reside in the tissues without circulating.
On the transcriptional level, memory T cells and memory NK cells share many common features. In a transcriptome analysis, memory NK cells and T cells commonly regulated 47 genes including those coding for effector functions (Gzmb, Fasl), migration (CD62L, CD49a), and apoptosis (Casp1) [108] . Furthermore, epigenetic modifications have been described to play a role both in NK cell and in T cell memory formation [58, 109, 110] . Several epigenetic modifications during memory T cell formation have been described, including histone hyperacetylation, changes in histone methylation with high H3K4me3 levels, and DNA methylation of the IFN-γ locus [111] . Likewise, STAT4 signaling in NK cells facilitates a permissive epigenetic landscape, shown by increases of H3K4me3 at gene promoter regions throughout the genome [32] . Interestingly, the methylation profile of HCMV-specific NKG2C + memory NK cells in humans contains epigenetic marks at the IFN-γ locus shared with memory CD8 + T cells and CD4 + Th1 cells [58, 112, 113] . Future studies using techniques such as ATAC-seq of T cells and NK cells at different time points of infection will reveal whether these innate and adaptive lymphocytes possess a shared epigenetic signature as they transition from naïve to effector to memory cells.
The question of antigen specificity
Antigen specificity is considered the hallmark of immunological memory. Yet, as described above, NK cell memory or memory-like status can also be induced by cytokine stimulation or under homeostatic conditions in lymphopenia [11] . As these cytokine-induced memory-like NK cells are long-living and show enhanced IFN-γ production upon secondary stimulation, but do not display antigen specificity, the question of whether this phenotype may be considered "memory" in the classic definition remains to be resolved [60, 70] . Interestingly, a corresponding mouse T cell population has been described, and termed "innate memory T cell" [114] . The formation of these innate memory T cells occurs under the same conditions as memory-like NK cells: either during lymphopenia or following cytokine stimulation (with IL-4 in this case) [114] . Thus, they are generated in the absence of antigen, yet are characterized by rapid secretion of IFN-γ upon encounter of pathogens or proinflammatory cytokines, with kinetics comparable to classic memory T cells [114] . The exact role of these innate or virtual memory T cells remains to be elucidated, and whether they represent the T cell parallel to cytokine-induced memory-like NK cells.
Conclusion
The rapidly growing evidence of NK cell memory in mice and humans has provided a new understanding and perception of the features of innate immune cells, and is currently challenging the classic understanding of immunological memory as a trait restricted to B and T cells. The fact that NK cells are able to mount an antigen-specific immune response which resembles a T cell response in all phases of activation, expansion, contraction, and memory formation has challenged the restrictions we have previously placed upon adaptive and innate immunity.
In recent days, NK cells have been assigned to a subset of innate lymphoid cells (ILC), and rebranded as cytotoxic "ILC1s" [115] . Because NK cell memory-like phenotypes can be induced by cytokines or under homeostatic conditions during lymphopenia, future studies will determine whether other RAG-independent ILC subtypes are also capable of memory formation. Indeed, a recent study described a memory-like phenotype in lung ILC2s, where the cells rapidly expanded following injection of papain or IL-33 and subsequently contracted to persist over several months [116] .
Moreover, lymphoid tissue inducer (LTi) cells, which belong to the ILC3 subset, are known to be crucial for CD4+ T cell memory maintenance by promoting survival of memory CD4 T cells [117] . Notably, liver ILC1s are able to undergo homeostatic proliferation after transfer into lymphopenic Rag2 −/− Il2rg −/ mice and they survive for at least 28 days after transfer, suggesting their capacity to acquire longevity [71] .
Evidence for adaptive immune responses in RAGdependent innate lymphocytes has been described in recent studies, which showed clonal expansion of a gamma delta (γδ) T cell clone in response to CMV reactivation after allogeneic hematopoietic stem cell transplantation (HSCT), and memory γδ T cell responses in the intestines against bacterial pathogens such as Listeria and Salmonella [118, 119] . Future studies will determine whether, and under which circumstances, ILCs and innate lymphocytes acquire memory-like properties.
Although our understanding of the molecular mechanisms behind NK cell memory is quickly expanding, many questions remain to be addressed. Because NK cell memory has been best characterized in the setting of cytomegalovirus infection in mouse and humans, the molecular mechanisms underlying memory formation with additional pathogens and stimuli are still unclear. Moreover, as antigen receptors and their respective antigens involved in NK cell memory generation are identified, we will begin to address whether NK cell memory may play a role in other pathological conditions such as cancer, autoimmunity, or metabolic diseases. Furthermore, we can begin to test whether NK cell memory can be harnessed for vaccination against various pathogens that evade anamnestic T and B cell responses. More extensive studies on the adaptive features of innate lymphocytes will help us to better understand and develop novel therapies for infectious diseases.
